11 C]PHNO is a D 2 /D 3 agonist positron emission tomography radiotracer, with higher in vivo affinity for D 3 than for D 2 receptors. As [ 11 C]-( + )-PHNO is an agonist, its in vivo binding is expected to be more affected by acute fluctuations in synaptic dopamine than that of antagonist radiotracers such as [ 11 C]raclopride. In this study, the authors compared the effects of an oral dose of the dopamine releaser amphetamine (0.3 mg/kg) on in vivo binding of [ 11 C]-( + )-PHNO and [ 11 C]raclopride in healthy subjects, using a within-subjects, counterbalanced, open-label design. In the dorsal striatum, where the density of D 3 receptors is negligible and both tracers predominantly bind to D 2 receptors, the reduction of [ 11 C]-( + )-PHNO binding potential (BP ND ) was 1.5 times larger than that of [ 11 C]raclopride. The gain in sensitivity associated with the agonist [ 11 C]-( + )-PHNO implies that B65% of D 2 receptors are in the high-affinity state in vivo. In extrastriatal regions, where [ 11 C]-( + )-PHNO predominantly binds to D 3 receptors, the amphetamine effect on [ 11 C]-( + )-PHNO BP ND was even larger, consistent with the higher affinity of dopamine for D 3 . This study indicates that [ 11 C]-( + )-PHNO is superior to [ 11 C]raclopride for studying acute fluctuations in synaptic dopamine in the human striatum. [ 11 C]-( + )-PHNO also enables measurement of synaptic dopamine in D 3 regions.
Introduction
Amphetamine-induced reduction in the specific binding of positron emission tomography (PET) and single photon emission computed tomography antagonist ligands such as [ 11 C]raclopride or [ 123 I]IBZM has been well validated as a measure of change in endogenous dopamine in both nonhuman primates and humans (Laruelle, 2000) . A dosedependent relationship between amphetamine dose and changes in ligand binding (Breier et al, 1997; Hartvig et al, 1997; Laruelle et al, 1997) , as well as a consistent relationship between the concentration of extracellular dopamine change and the change in radioligand binding (Breier et al, 1997; Laruelle et al, 1997) have been demonstrated. Peak extracellular dopamine concentration increases of B40% were required for each percentage decrease in [ 123 I]IBZM binding potential (BP) using amphetamine doses between 0.3 and 1.0 mg/kg (Laruelle et al, 1997) . For [ 11 C]raclopride, the corresponding figures were B50% increase in extracellular dopamine concentration for each percentage decrease in BP, using amphetamine doses of 0.2 to 0.4 mg/kg. These results show the limited sensitivity of this technique; large increases in extracellular dopamine are associated with relatively small effects on [ 11 C]raclopride or [ 123 I]IBZM binding.
This low sensitivity may be attributed to the fact that the D 2 receptor is a member of the G-protein-coupled receptor family, and as such shows a low affinity for agonists, such as dopamine, when not coupled to G proteins (i.e., in a D 2low state) (Creese et al, 1978 (Creese et al, , 1979 Sibley et al, 1982; Zahniser and Molinoff, 1978) . Antagonists such as raclopride and IBZM are not expected to show a decreased affinity for the D 2low state of the receptor compared with the G protein-coupled (or the D 2high ) state. Dopamine would have limited facility to compete effectively with antagonist ligands [ 11 C] raclopride or [ 123 I]IBZM at D 2low sites. This hypothesis is consistent with the finding of a B1.4-fold greater change in the binding of the agonist radioligand [ 11 C]-N-propyl-norapomorphine ([ 11 C] NPA) than that of [ 11 C]raclopride, after an amphetamine challenge in the anaesthetised baboon (Narendran et al, 2004) . A similar result was obtained in awake humans, in whom the ratio of reduction in BP (DBP ND NPA /DBP ND RAC ) after amphetamine challenge was between 1.5 and 1.9 . However, not all studies support the notion that agonist ligands have differential binding to antagonist ligands. [ 11 C]-( + )-4-propyl-3,4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-b] [1, 4] oxazin-9-ol([ 11 C]-( + )-PHNO) and [ 3 H]raclopride-specific binding ratios were inhibited to the same degree in response to amphetamine challenge in an ex vivo study in conscious rats (McCormick et al, 2008) . In addition, in anaesthetised cynomologous monkeys, the D 2/3 agonist apomorphine inhibited specific binding of the agonist ligand [ 11 C] MNPA to a similar extent to [ 11 C]raclopride (Finnema et al, 2009) .
[ 11 C]-( + )-PHNO was originally developed as an agonist ligand for imaging the D 2high receptor (Wilson et al, 2005) . Subsequent examination showed that [ 11 C]-( + )-PHNO has preferential affinity for the D 3 over the D 2 receptor (Narendran et al, 2006; Rabiner et al, 2009; Searle et al, 2010) . The endogenous agonist dopamine also has a greater affinity for the D 3 receptor than for the D 2 in vitro (Schotte et al, 1992 (Schotte et al, , 1996 , with selectivity estimated as B20-fold for the D 3 receptor (Sokoloff et al, 1992) . Thus, ( + )-PHNO may have a higher sensitivity to the effects of synaptic dopamine fluctuations because of its selectivity for the D 3 receptor, as well as its agonist profile. Comparisons of [ 11 C]-( + )-PHNO with [ 11 C]raclopride in anaesthetised animals found that after an amphetamine challenge, DBP ND PHNO /DBP ND RAC is B1.5 (Ginovart et al, 2006; Narendran et al, 2006) . A human study examining the effects of amphetamine on [ 11 C]-( + )-PHNO BP reported significant reductions in striatal regions of interest (ROIs) (ventral striatum (VST) 24.9%, caudate 13.2%, putamen 20.8%) (Willeit et al, 2008) . These figures are larger than those reported in [ 11 C]raclopride studies using similar doses of amphetamine, which generally lie between 5% and 15% (Drevets et al, 2001; Leyton et al, 2002; Munro et al, 2006; Oswald et al, 2005) .
An additional factor to explain the increased sensitivity of [ 11 C]-( + )-PHNO and [ 11 C]NPA to the effects of an amphetamine challenge in animal studies may be the effects of anaesthesia. The volatile anaesthetic isoflurane was shown to significantly increase the effect of amphetamine on the specific binding of the agonist [ 11 C]-( + )-PHNO, but not of the antagonist [ 3 H]-raclopride in rats (McCormick et al, 2008) . In a follow-up study by the same group, the effect of amphetamine on the binding of the agonists ( + )-PHNO and NPA was greater than that on the binding of the antagonist raclopride, in rats anaesthetised with isoflurane, but of similar magnitude in conscious rats (McCormick et al, 2011) . Although these data implicate the effects of anaesthesia in the increased sensitivity of agonist radioligands, we do not believe them to be a major factor, because the increased sensitivities of both [ 11 C]-( + )-PHNO and [ 11 C]NPA have been shown in awake humans Willeit et al, 2008) .
Finally, it is possible that increased sensitivity of the agonist ligands is a consequence of receptor internalisation on their affinity. It has been proposed that D 2/3 dopamine receptor internalisation could have a role in the change of the observed PET signal, rather than solely the direct blockade of the receptor by dopamine (Laruelle, 2000) . The intracellular environment has lower pH and sodium ion concentration than does the extracellular environment, and the affinity of benzamides (such as raclopride and IBZM) for D 2 receptors is reduced by decreasing pH and sodium ion concentration. The effect of receptor internalisation in decreasing the affinity of radioligands for the D 2 receptor has been shown in a cell line expressing D 2 receptors (Guo et al, 2010) . This theory is supported by the finding that after amphetamine, the time course of the changes in binding of PET ligands is considerably longer than that of the increase in extracellular dopamine levels as measured by microdialysis (Houston et al, 2004; Laruelle et al, 1997) . The discrepancy in the time course of the two measurements may be explained by dopamine-induced receptor internalisation. An elegant experiment showed a significantly faster recovery of baseline [ 11 C]MNPA binding levels after amphetamine in arrestin3 knockout mice (unable to internalise the D 2 receptor) than in wild-type controls, although the magnitude of the reduction was similar (Skinbjerg et al, 2010) . If sensitivity to the ionic environment for affinity for agonist ligands, such as [ 11 C]-( + )-PHNO and [ 11 C]NPA, is greater in magnitude than that for the antagonists, greater changes in binding after an amphetamine challenge may be observed. This theory is not supported by the evidence from assessments of a cell line expressing D 2 receptors, in which the decrease in affinity for internalised receptors was of similar magnitude for both agonists and antagonists (Guo et al, 2010) .
The aim of our study was to compare the sensitivity of [ 11 C]-( + )-PHNO to changes in endogenous dopamine with that of [ 11 C]raclopride, using a within-subject design. We used amphetamine, the best-validated tool available, to induce an acute increase in extracellular dopamine levels. If [ 11 C]-( + )-PHNO can be shown to be more sensitive to dopamine fluctuations than [ 11 C]raclopride, it can be used to detect smaller changes in endogenous dopamine than currently possible. [ 11 C]-( + )-PHNO could then allow for examination of the effects of challenges such as nicotine or bupropion, which increase dopamine by smaller amounts than amphetamine, and for which the use of [ 11 C]raclopride is not practical. As [ 11 C]-( + )-PHNO enables the examination of extrastriatal D 2 and D 3 receptors, its use will also allow the examination of dopamine fluctuations in extrastriatal brain regions, such as the substantia nigra and the hypothalamus.
Materials and methods

Human Subjects
This study was approved by the Essex 1 Research Ethics Committee and the ARSAC (Administration of Radioactive Substances Advisory Committee) and was conducted at the GlaxoSmithKline Clinical Imaging Centre (Hammersmith Hospital, London, UK).
This was an open-label study in healthy male volunteers aged 25 to 55 years, who were free from clinically significant illness or disease as determined by their medical history and standard laboratory tests. Each subject received four PET scans, two with [ 11 C]-( + )-PHNO and two with [ 11 C]-raclopride in a counterbalanced order. For each ligand, a baseline scan was followed by a second postamphetamine scan, in which 3 hours before the start of the scan an oral dose of 0.3 mg/kg of amphetamine was administered on an empty stomach. Venous blood samples were collected to measure amphetamine levels at the start and at the end of scan 2 (3 and 4.5 hours after dosing). The two administrations of amphetamine were separated by a minimum of 6 days. A total of 13 healthy volunteers were enrolled into the study, 10 of whom completed 4 PET scans and received 2 doses of amphetamine. A further three subjects received only two [ 11 C]-( + )-PHNO scans and one dose of amphetamine each (two of these dropped out of the study, and the third was withdrawn because of an incidental finding).
During the course of the study, emerging data suggested a very low K d for [ 11 C]-( + )-PHNO at the D 3 receptor in vivo (K d ND = 0.2 to 0.6 nmol/L and an estimated ED 50 of 0.03 ng/kg (Gallezot et al, 2009) ). This raised concerns about the possibility of ( + )-PHNO occupying a significant proportion of the D 3 receptor, and a consequent 'carry-over' effect from the first to the second scan if conducted on the same day. Such a 'carry over' could potentially bias our results towards recording a greater [ 11 C]-( + )-PHNO reduction than can be attributed to dopamine effects. As a precaution, we changed the study design, and subsequent subjects received their second [ 11 C]-( + )-PHNO scans with a separation of at least 24 hours from their baseline scan. Subjects 1 to 6 received both [ 11 C]-( + )-PHNO scans on the same day ('same-day subjects'), whereas subjects 7 to 13 received their [ 11 C]-( + )-PHNO scans on separate days ('different-day subjects').
Positron Emission Tomography Data Acquisition
In total, 46 PET scans were acquired on a Siemens Biograph HiRez XVI PET scanner (Siemens Healthcare, Erlangen, Germany). A low-dose computed tomography scan (effective dose = 0.2 mSv) was acquired for attenuation and model-based scatter correction. Subjects were injected with a single intravenous bolus of [ 11 ,4] oxazin-9-ol, hydrochloride, by [ 11 C] propionyl chloride acylation, followed by reduction of the [ 11 C]amide intermediate (Wilson et al, 2005 , with minor modifications). The reaction, purification, and formulation steps were fully automated to reliably produce high-purity [ 11 C]-( + )-PHNO in a radiochemical decay-corrected yield of 16% ± 5% after a synthesis time of 35 minutes. [ 11 C] raclopride was prepared as described previously (Ehrin et al, 1987) .
After bolus administration of the radioligand, dynamic emission data were acquired continuously for 90 minutes. The dynamic images were subsequently reconstructed, using a filtered back-projection algorithm (direct inversion Fourier transform) with a 128 matrix, a zoom of 2.6, a transaxial Gaussian filter of 5 mm, into 26 frames (8 Â 15 seconds, 3 Â 1, 5 Â 2, 5 Â 5, and 5 Â 10 minutes).
Magnetic Resonance Imaging Data Acquisition
High-resolution T1-weighted magnetic resonance images were acquired to aid in the definition of the anatomic ROIs using a Siemens Tim Trio, 3-T magnetic resonance imaging scanner at the GSK Clinical Imaging Centre. The structural T1-weighted images were acquired with an inversion recovery prepared spoiled gradient echo sequence with repetition time = 3,000 milliseconds, echo time = 3.66 milliseconds, flip angle = 91, inversion time = 1,100 milliseconds, slice thickness = 1 Â 1 Â 1 mm 3 , and matrix = 256 Â 192.
Image Analysis
Dynamic PET images were registered to each individual subject's MR image, and corrected for motion using a frame-to-frame registration process with a mutual information cost function. Regional analysis was facilitated by manual delineation of ROIs on the T1-MR image according to strict anatomic criteria (Tziortzi et al, 2011) . The ROIs included the hypothalamus, substantia nigra and ventral tegmental area (SN&VTA), ventral pallidum substantia innominata, globus pallidus, VST, thalamus, caudate, and putamen. The cerebellum was defined through nonlinear registration (using SPM5; Wellcome Trust Centre for Neuroimaging, London, UK) of a template MR image and corresponding cerebellar brain atlas to each individual's MR image. The derived subcortical and cerebellum ROIs were applied to the motion-corrected dynamic image data to generate regional time-activity curves. A basis function implementation of the simplified reference tissue model (Gunn et al, 1997; Lammertsma and Hume, 1996) , with the cerebellum as the reference tissue, was applied to the time-activity curves to derive regional estimates of 
Estimation of the Effects of Amphetamine
The relative change in BP ND elicited by amphetamine (DBP ND ) was calculated for each ROI as the difference between BP ND measured in the baseline condition (BP ND Base ) and that measured in the postamphetamine condition (BP ND Amph ), expressed as a percentage of BP ND Base :
Statistical Analysis
Within-subjects comparison of DBP ND between radioligands was performed using repeated-measures analysis of variance (RM ANOVA), with DBP ND as the dependent variable, the tracer as the repeated condition, and the ROI as a cofactor. The significance levels of the condition and the condition by region interaction are reported. A significance level of P = 0.05 was selected for all statistical tests. Post hoc comparisons of DBP ND for both ligands in each individual ROIs were evaluated using a paired t-test (one-tailed tests were used because we hypothesise that DBP ND will be greater for [ 11 C]-( + )-PHNO). No adjustments were made for multiple comparisons in post hoc tests.
Results
Demographic and scan parameter data for all subjects are shown in Table 1 . There were no significant differences between the baseline and the postamphetamine scans in injected dose or injected mass for either ligand. No significant difference in amphetamine plasma level was observed between the postamphetamine [ 11 C]raclopride and [ 11 C]-( + )-PHNO scans (RM ANOVA, P = 0.7). Amphetamine plasma levels were relatively stable throughout the scans for both ligands and consistent with the published literature Willeit et al, 2008) . Baseline and postamphetamine BP ND values of [ 11 C]raclopride (n = 10) and [ 11 C]-( + )-PHNO (n = 13) are presented in Figure 1 and Table 2 , respectively. Summary parametric images derived from all sub-jects are shown in Figure 1 . [ 11 C] raclopride BP ND at baseline in the SN&VTA and hypothalamus were < 0.4, and hence were not considered sufficiently robust to be used for the quantitation of amphetamine-induced change. Our concerns about the 'carryover' effects of ( + )-PHNO have led us to compare the DBP ND PHNO of 'same-day subjects' versus that of 'different-day subjects' (Table 3) . DBP ND PHNO for 'same-day subjects' was higher in all regions except the thalamus and hypothalamus; however, this difference was not statistically significant (MANO-VA, F(8,4) = 1.35, P = 0.41). As a result of this finding, we used [ 11 C]-( + )-PHNO data from all subjects in our main analysis.
Within-Subjects Comparison of DBP ND Between Radioligands
Amphetamine-induced DBP ND PHNO was significantly higher than DBP ND RAC (RM ANOVA, F(1,9) = 6.58, P = 0.03; Figure 2 ). Post hoc one-tailed paired t-tests revealed that DBP ND PHNO was significantly higher than DBP ND RAC in the ventral pallidum, VST, thalamus, and putamen ( Table 2 ). The largest displacement in [ 11 C]-( + )-PHNO BP ND was measured in regions with the highest D 3 fraction (SN&VTA and hypothalamus, DBP ND B30%) (Searle et al, 2010; Tziortzi et al, 2011) , where DBP ND RAC values were unavailable for a direct comparison with DBP ND PHNO . To rule out any potential influence of mass 'carry over' of ( + )-PHNO, we repeated the within-subjects comparison of DBP ND between radioligands, using only the seven subjects who were scanned with [ 11 C]-( + )-PHNO on different days. The result remained significant (RM ANOVA: F(1,6) = 8.043, P = 0.03; Figure 2 ). Post hoc one-tailed paired t-tests revealed that [ 11 C]-( + )-PHNO DBP ND was significantly higher than [ 11 C]raclopride DBP ND in the VST and thalamus ( Table 2) .
Effect of Order of Ligand Administration on DBP ND
To examine any potential effects of sensitisation by amphetamine, we examined the effect of the order of ligand administration on the DBP ND within each ROI using independent samples t-tests. There were no significant differences in [ 11 C]raclopride DBP ND across all ROIs between those subjects who had their [ 11 C] raclopride scans on the second study day (after a previous dose of amphetamine) and those who had their [ 11 C]raclopride scans on the first study day. The same lack of effect was found for [ 11 C]-( + )-PHNO. In addition, there was no significant effect of the order of ligand administration when it was included as a covariate in the RM ANOVA comparing DBP ND between radioligands (P = 0.75).
Discussion
An administration of amphetamine induced a significantly larger change in [ 11 C]-( + )-PHNO binding as compared with [ 11 C]raclopride, with the magnitude of DBP ND PHNO :DBP ND RAC similar to that found in preclinical studies involving anaesthesia (Ginovart et al, 2006; Narendran et al, 2006) . Of the four factors identified earlier, which could explain the increased DBP ND with [ 11 C]-( + )-PHNO compared with [ 11 C]raclopride after an amphetamine challenge, the effects of anaesthesia do not appear to be important. Recently published data in awake and anaesthetised rodents implied that the greater sensitivity of agonists to amphetamine-induced dopamine release is a side effect of anaesthesia, which may not be present in conscious humans (McCormick et al, 2011) . In our study, a direct within-subject comparison Figure 1 Summary parametric images derived from all subjects. Images shown for baseline and reduction in BP ND after amphetamine (relative change between scans 1 and 2) for [ 11 C]-( + )-PHNO and [ 11 C]raclopride in stereotaxic space overlaid onto the T1-weighted MNI template. MRI, magnetic resonance imaging.
Comparison of [ 11 C]-( + )-PHNO and [ 11 C]raclopride P Shotbolt et al of agonist and antagonist ligands contradicts this speculation. In this respect, our data are consistent with previous work showing the change in binding of the D 2/3 agonist [ 11 C]NPA to be higher than that of [ 11 C]raclopride in awake humans . Our data do not allow us to explore the potential greater decrease in affinity of ( + )-PHNO as compared with raclopride for the internalised D 2 and D 3 receptors (caused by a change in the ionic environment of internalised receptors); hence, further discussion will focus on the role of D 2high and D 3 receptors.
Previous work has compared the effect of amphetamine on the binding of the D 2/3 agonist [ 11 C]NPA with that of the D 2/3 antagonist [ 11 C]raclopride, and found the DBP ND NPA :DBP ND RAC to be B1.4 in anaesthetised primates (Narendran et al, 2004) and B1.6 in awake humans . As the contribution of D 3 to both [ 11 C]NPA and [ 11 C]raclopride signals in the striatum is negligible, the greater sensitivity of [ 11 C]NPA was attributed to the greater sensitivity of ligands binding at the D 2high sites to fluctuations in dopamine levels. Although [ 11 C]-( + )-PHNO binding is a mixture of D 3 and D 2 components, in the dorsal caudate and putamen, the contribution of D 3 is negligible (Searle et al, 2010; Tziortzi et al, 2011) . In our study, DBP ND PHNO :DBP ND RAC = 1.53 in the dorsal caudate and putamen, consistent with DBP ND NPA :DBP ND RAC , and showing that the binding of [ 11 C]-( + )-PHNO to the D 2high receptor is a significant factor in its enhanced sensitivity to an amphetamine challenge.
In regions other than the caudate and putamen, the contribution of D 3 to [ 11 C]-( + )-PHNO binding is significant, and any effects of amphetamine will depend on the affinity of dopamine for D 3 and for D 2high receptors. We performed a regression of regional DBP ND PHNO against regional f D3 PHNO (the fraction of total [ 11 C]-( + )-PHNO binding that can be attributed to D 3 ) obtained from data reported by Tziortzi et al (Table 3 , Method A1). To eliminate any potential bias caused by ( + )-PHNO mass carry over in regions rich in D 3 (such as the SN&VTA and the hypothalamus), we examined only the data obtained from seven subjects who were scanned with [ 11 C]-( + )-PHNO on separate days. We found a significant effect of f D3 PHNO on DBP ND PHNO (r = 0.325, P = 0.014, Figure 3) , indicating that the interaction of dopamine with the D 3 receptor has a significant role in the effect of amphetamine on [ 11 C]-( + )-PHNO binding. In our analysis, we make the assumption that the amount of dopamine released by amphetamine is similar in all basal ganglia regions, as well as in the thalamus, hypothalamus, and SN&VTA. Microdialysis literature comparing the effects of amphetamine on extracellular dopamine levels in these regions is not extensive, but the differences between SN and striatal dopamine release are minimal in one study (Robertson et al, 1991) , although not in another (Kalivas et al, 1989) . In the striatum itself, the literature does suggest that amphetamine-induced Table 2 Mean BP ND at baseline and after amphetamine Comparisons between the ligands were not made in these regions (see text).
Comparison of [ 11 C]-( + )-PHNO and [ 11 C]raclopride P Shotbolt et al dopamine release in the VST is approximately twice that in the dorsal striatum (Drevets et al, 1999) . We stress that our assumption of homogeneous regional dopamine release may not be valid, in which case our subsequent analysis will only be an approximation. In ROIs where a direct comparison of [ 11 C]-( + )-PHNO and [ 11 C]raclopride could be conducted, DBP ND PHNO /DBP ND RAC in regions such as the globus pallidus and VST was not significantly different from that in the caudate and putamen, where D 3 contribution to the [ 11 C]-( + )-PHNO signal is negligible. Hence, a conclusive statement on the role of D 3 in the sensitivity of [ 11 C]-( + )-PHNO to an amphetamine challenge requires comparative data in the SN&VTA using a suitable high-affinity D 2 radioligand such as [ 11 C]FLB-457 or [ 18 F]fallypride.
Our data allowed us to derive two incidental findings, which bear on the physiology of dopaminergic neurotransmission. First, because [ 11 C]-( + )-PHNO binds to both D 2high and D 3 , our data allow us to comment on the relative affinity of dopamine for the two sites. This estimation assumes that the baseline concentrations of dopamine and the amounts of dopamine released by amphetamine are similar in all regions. A regression of DBP ND PHNO against f D3 PHNO provides an estimate of K D 2high d =K D 3 d = 2.98 (95% confidence interval = 1.34 to 4.63) (Figure 3) . The positive value suggests that D 3 has the higher affinity, and the value of the slope suggests that the two dissociation constants have the same order of magnitude. Although in vitro assessments often found higher selectivity of dopamine for D 3 over D 2 (Sokoloff et al, 1992) , most of these were conducted in receptors configured to a mixture of D 2high and D 2low states under nonphysiologic conditions-which may lead to an underestimation of the affinity of dopamine for D 2high . As mentioned above, this analysis assumes a similar magnitude of dopamine release in the various ROIs, and in addition, the baseline occupancies of the D 2 and D 3 receptors by dopamine are disregarded.
Second, we estimated the proportion of the D 2 receptors configured in the D 2high state
max Þ in the dorsal striatum, using the method developed by Narendran et al (2004) for [ 11 C]NPA and [ 11 C]raclopride.
In anaesthetised primates f D 2high was estimated at B80%, whereas a subsequent study in humans found a somewhat lower estimate of B60% (Narendran et al, 2010). As the D 3 contribution to the [ 11 C]-( + )-PHNO signal in the dorsal striatum is negligible, we estimated the f D 2high here, and found it to be very consistent with the previous estimate, at B65%. À26 ± 11 À33 ± 6 À31 ± 10 À19 ± 9 À22 ± 8 À13 ± 8 À17 ± 6 À18 ± 3 [ 11 C]-PHNO different day (n = 7)
À29 ± 12 À22 ± 21 À19 ± 15 À3 ± 8 À20 ± 5 À14 ± 6 À8 ± 6 À14 ± 4 CD, caudate; GP, globus pallidus; HypoTH, hypothalamus; PU, putamen; SN&VTA, substantia nigra and ventral tegmental area; TH, thalamus; VPSI, ventral pallidum substantia innominata; VST, ventral striatum. MANOVA (same-day/different-day comparison) F(6, 6) = 1.94, P = 0.22. Several methodological caveats of our study need to be mentioned. The first six subjects examined received two [ 11 C]-( + )-PHNO injections B5 hours apart, and thus their DBP ND PHNO estimates could be biased owing to a 'mass carry-over' effect of nontracer amounts of ( + )-PHNO remaining bound to D 3 during the postamphetamine scan. This could lead to an overestimation of the occupancy attributed to endogenous dopamine. We do not think that this potential bias explains the difference between DBP ND PHNO and DBP ND RAC for several reasons. First, a separate comparison of data obtained from the last seven subjects (who received their postamphetamine [ 11 C]-( + )-PHNO injection at least 7 days after their baseline scan) reveals a notably higher DBP ND PHNO than DBP ND RAC . A post hoc analysis using only the seven subjects who were scanned with [ 11 C]-( + )-PHNO on different days indicated that the within-subject difference between DBP ND PHNO and DBP ND RAC remained significant. The ratio of mean DBP ND PHNO /DBP ND RAC for 'same-day' subjects was similar to that of that for the whole group at B1.3 in most ROIs (Table 2) . Second, any carry-over effects of ( + )-PHNO from the baseline scan would be manifested only at D 3 and not at D 2 . However, DBP ND PHNO was higher than DBP ND RAC even in ROIs such as the dorsal caudate and putamen, where the contribution of D 3 is negligible. However, our data did show that DBP ND PHNO values for 'same-day subjects' were higher than for 'different-day' subjects in all regions, except the thalamus and hypothalamus. Although the difference did not reach statistical significance with the subject numbers in this study, when considered with what is known about the K d of [11C]-( + )-PHNO at the D 3 receptor (Gallezot et al, 2009) , it is apparent that extreme caution should be exercised. If consecutive [ 11 C]-( + )-PHNO scans are performed on the same day, accounts of possible carry-over effects must be included in the quantification of [ 11 C]-( + )-PHNO binding.
Nontracer conditions during [ 11 C]-( + )-PHNO scans could also lead to an underestimation of the occupancy by endogenous dopamine, owing to the effects of competition between dopamine and ( + )-PHNO. The balance between this effect and 'carry over' may be difficult to estimate, but examples of the possible effects are presented in Supplementary Information, Appendix. On the basis of these simulations, we do not believe that any nontracer binding of [ 11 C]-( + )-PHNO substantially changes the conclusions of our study. However, it is essential that, in all studies using [ 11 C]-( + )-PHNO, the consequences of nontracer conditions at the D 3 receptor are considered in quantification. The best estimate we have for the in vivo K d of [11C]-( + )-PHNO at the D 3 receptor is B30 ng/kg (Gallezot et al, 2009) . With this in mind, tracer conditions (i.e., occupancy of < 5% of the target) would require an injection of < 1.5 ng/kg, or B0.1 mg total dose in a 70 kg subject. The specific activity to achieve this is not attainable using the Grignard chemistry required to synthesise [11C]-( + )-PHNO. Future studies with this ligand will need to recognise that, outside the tracer range, [11C]-( + )-PHNO receptor binding is dependent on injected ligand mass, as well as receptor density and endogenous dopamine levels.
Our study design required that each subject receives two doses of amphetamine; therefore, sensitisation to amphetamine was a potential problem. However, the evidence for a sensitisation effect with amphetamine in the literature is conflicting. Sensitisation to a single administration of intravenous amphetamine was examined in the course of a test-retest assessment of amphetamine-induced striatal dopamine release in humans using [ 123 I]IBZM single photon emission computed tomography (Kegeles et al, 1999) . Subjects underwent measurement of striatal dopamine release on two occasions, 16 ± 10 days apart, after administration of 0.3 mg/kg amphetamine. No significant differences were found between the second and first administration of amphetamine. In contrast, both greater psychomotor response and increased dopamine release were seen at both 14 and 365 days after the first exposure to amphetamine in a [ 11 C]raclopride study (Boileau et al, 2006) . It is noteworthy that in this study, subjects received oral amphetamine at the same dose (0.3 mg/kg) on three separate occasions (as opposed to only one previous dose in the Kegeles study above). To control for possible effects of sensitisation, we counterbalanced the order of radioligand administration in our study. We found no evidence of an amphetamine sensitisation effect, as for both ligands, the DBP ND did not depend on the order of administration.
The effect sizes for DBP ND PHNO in the VST and putamen were greater than seen in a previous human study (see Table 4 ) (Willeit et al, 2008) . In addition, the effect sizes in these ROIs were comparable to that (Willeit et al, 2008, n = 11) 53.2 ± 24.4 1.9 1.9 2.3 [ 11 C]NPA (Narendran et al, 2010, n = 10) 73.9 ± 5.4 2.3 2.6 4.5 CD, caudate; [ 11 C]NPA, [ 11 C]-N-propyl-norapomorphine; PU, putamen; VST, ventral striatum. a Amphetamine values refer to plasma concentration measured at the start of the post-dose scan. , even though our study used a lower dose of amphetamine (0.3 versus 0.5 mg/kg). Thus, [ 11 C]-( + )-PHNO has at least an equal sensitivity to that of [ 11 C]NPA to detect extracellular dopamine fluctuations. An added advantage of [ 11 C]-( + )-PHNO is that it can be used to measure binding in extrastriatal regions such as the SN and hypothalamus, which is not possible with [ 11 C]NPA. Against this greater sensitivity, we must acknowledge the methodological complications required to acquire well-quantified data with [ 11 C]-( + )-PHNO. These include complicated radiosynthesis, requirement for high specific activity to achieve tracer conditions and to avoid nausea in volunteers, and the need to separate consecutive scans by a sufficient time gap to avoid potential carry-over effects at the D 3 receptor. With these factors in mind, the choice of radioligand to image endogenous dopamine release will be conditioned by the requirements of each particular study. In summary, we used a within-subject design to provide evidence that [ 11 C]-( + )-PHNO is more sensitive than [ 11 C]raclopride in detecting the fluctuations of extracellular dopamine. Our data suggest that both the agonist nature of [ 11 C]-( + )-PHNO and its selectivity for the D 3 receptor contribute to its higher sensitivity compared with [ 11 C]raclopride. We emphasise that mass effects are a potential confounding factor in imaging with [ 11 C]-( + )-PHNO, and therefore same-day scans should be approached cautiously to take account of possible carry-over effects.
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